Abstract-Pipelines made of dielectric materials such as Polyethylene (PE) are becoming increasingly popular. With no suitable inspection technique for dielectric pipes, there is an urgent need to develop new technology for their inspection. This paper presents a novel pipe inspection technique using Electrical Capacitance Tomography (ECT) imaging. Traditionally ECT is used for industrial process tomography as a low resolution but fast tomographic imaging technique. Typically commercial ECT can provide a resolution of approximately 10 percent of the imaging region. In this paper a limited region tomography technique is developed take into account prior knowledge about the geometry of the pipe. This has significantly enhanced the imaging resolution of the ECT system, making it a viable pipe inspection solution. The experimental results in this study demonstrate an interior wall loss area as small as 0.195 percent of the ECT cross sectional imaging region is repeatable and can be reliably detected. A narrowband pass filter method (NPFM) is used as a means to limit the region for the ECT algorithm. This results in an unprecedented resolution, making ECT a viable non-destructive evaluation (NDE) technique for plastic pipes. The NDE application of the ECT for PE pipes is demonstrated in this paper with several experimental results. A wall loss of depth of 1.5 mm could be detected for an ECT sensor array of 150 mm in diameter, showing a high resolution and high definition ECT (HD-ECT) imaging that has not been reported before.
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INTRODUCTION
Plastic pipes are widely used in industry as they offer advantages in terms of cost, weight and easy installation. Pipelines have a variety of requirements involving safety and quality that need to be met. To ensure their compliance with these regulations inspection occurs during manufacture and subsequent operation of the pipes. Although there are several non-destructive evaluation (NDE) techniques developed for metallic pipes, there is not a reliable alternative for the inspection of plastic pipes. A defect that results in a leakage from a pipe can not only bring financial losses, but can also cause disastrous environmental and safety impacts. Ultrasonic and X-ray methods [1] are amongst the alternative non-invasive methods available for pipe inspection. X-ray radiography equipment is bulky, expensive and also requires special consideration for radiation protection. The ultrasonic method generally requires a contact medium and is not easily developed for different geometries. There is a great need for a robust method for the inspection of plastic pipes.
Electrical capacitance tomography (ECT) is a relatively mature imaging technique with wide range of applications in industrial process tomography [2] . Electrical capacitance data measured between pairs of electrodes are used to image the internal permittivity distribution. ECT is attractive as a non-invasive tomographic imaging technique. In the past two decades the development in the field has shown significant changes to the technology and its' relevant applications. Current industrial applications of ECT include pneumatic conveying, flame visualization [3] [4] [5] [6] , visualization of fluidized bed gas-solid twophase concentration distribution [7] , two-phase flow void fraction measurements and flow identification [8, 9] . There is still the provision for further development for a broader and more valuable span of practical usage. This paper presents a new application area for the ECT imaging as a novel inspection tool for plastic pipes.
ECT is an imaging technique that can measure the permittivity of objects non-invasively. With broad development perspectives, good safety performance and a faster processing procedure, this technique can potentially be an alternative to NDE techniques. Furthermore it is an economical choice due to its low cost of manufacture and computation. For ECT to have a chance of being used for NDE applications there has to be a large increase in imaging resolution. ECT suffers from low spatial resolution providing an image with resolution of around 10 percent of the imaging area. With this limited resolution ECT can not be used as an NDE device. However, the imaging resolution can be improved if prior assumptions are made about the imaging medium and area of interest within the imaging region. In [10, 11] , it was shown that volume cracks could be detected by using a level set method through simulations. In this paper, we have adopted a narrowband pass filtering method (NPFM) that was developed for metallic pipeline inspection using magnetic induction tomography (MIT) technique [12, 13] . A resolution of 2 percent of the area of imaging was reported in MIT for pipeline imaging. In this paper a resolution of less than 0.2 percent, 10 times better using the same method has been previously achieved in [12, 13] . The plastic pipeline inspection using MIT based on a NPFM was not studied, although MIT is sensitive to all three passive electromagnetic properties: conductivity, permittivity and permeability, only the reconstruction of conductivity and permeability were focused in [12, 13] . This paper is a follow up study that aims to investigate the capability of ECT as a pipeline inspection tool. The recent discovery in pipeline inspection using experimental ECT data is presented; the experimental results of internal defects on plastic pipelines are discussed. The aim of this work is to research and potentially expand the applications of ECT for material characterization, taking the inspection of plastic pipes as an example. This is the first time ECT has been used for an NDE application. Providing a resolution that can give vital information about the structure of the pipe.
ECT SYSTEM FOR PIPELINE IMAGING
The ECT system architecture used for pipeline inspection comprises of three main components; the capacitance sensor array, projection data acquisition system, and a host computer. The block diagram of our ECT system is shown in Figure 1 .
The sensor ring consists of 12 electrodes mounted evenly on Figure 1 . Block diagram of the ECT system architecture.
the external surface of a non-conducting perspex pipe [14] . An earthed screen surrounds the electrodes, this is primarily to protect the sensor system from the effects of any external electrical field changes. In similar systems a radial shielding between adjacent electrodes is usually employed, aiming to improve the sensor accuracy by reducing the standing capacitance and preventing the mutual influence between the adjacent electrodes. A commercial PTL300E-TP-G Capacitance Measurement Unit from Process Tomography Limited (http://www.tomography.com/) is used in our system for data collection. The unit uses a dual plane capacitance measurement unit of type DAM200E-TP-G. Sets of capacitance data can be collected at 100 frames per second for the 12-electrode sensor. The sensitivity of the measured data has an effective resolution of 0.1 fF and measurement noise level typically better than 0.07 fF. The ECT data is converted to a .txt file for measurement processing and image reconstruction in Matlab. A single plane of 12 electrodes with an imaging area of 150 mm in diameter is used for 2D ECT imaging in this study.
IMAGE RECONSTRUCTION
The ECT image reconstruction problem is an ill-posed inverse problem, to solve this inverse problem the forward problem needs to be solved [15] [16] [17] . In the ECT forward problem the excitation voltage and the permittivity distribution are given. Additional assumptions are made to calculate the interior electric field and electrode measurement values. Firstly the electrical conductivity, internal changes, magnetic field and the wave propagation effect are assumed to be negligible. The Poisson equation can then be used to construct the mathematical model of the forward problem in the terms of electric potential u
where ε is the dielectric permittivity in the inside region of the capacitance sensor shielding, excluding the electrodes and the radial shielding. The boundary conditions can be expressed as
for excitation electrodes with voltage V k and
for the remaining (sensing) electrodes and shielding. The forward model calculates the capacitance value based on the given permittivity distribution. A finite element method was used for the forward problem [18] . As a result a mathematical model can be built and used for data analysis and computation in the inverse problem. For a linear approach, the reconstruction is based on the assumption that the capacitance changes linearly with small changes in permittivity; this can be expressed using the Jacobian matrix [18] 
where J is the Jacobian matrix; the derivative of measured capacitance C with respect to the permittivity. Many inversion algorithms were reported that could be used for ECT image reconstruction [16, [19] [20] [21] [22] [23] . In this study, the Newton one step error reconstruction (NOSER) algorithm is used to reconstruct the permittivity differences from the capacitance changes using the Jacobian matrix:
where R is diagonal matrix from J J, and α is regularization parameter. For pipeline inspection a difference imaging mode is used where ∆C = C −C r , in which C r is the reference capacitance data, and C is the measured capacitance for pipe under inspection. In this case ∆ε represents an image of permittivity differences from time difference capacitance measurements. In [13] , the authors present experimental results of metallic pipeline inspection using MIT, where the NPFM was shown capable of improving the limited resolution in MIT image reconstruction. In this study, we implemented NPFM in the ECT image reconstructions. The essence of implementing NPFM is to increase the accuracy by limiting the imaging area. Similar approaches have been reported in microwave and ultrasonic imaging [24, 25] . Several other inverse and imaging problems can potentially benefit from limited region tomography method proposed in this paper, including but not limited to [27] [28] [29] [30] [31] [32] [33] [34] [35] . In [25] , a pre-processing method was used to apply a bandpass filtering to multiple-frequency data for microwave tomography. The proposed method enabled the efficient reconstruction of object in limited regions. A projected Landweber was used for the inversion algorithm. The NOSER algorithm used in this study is a suitable choice of algorithm. Figure 2 shows the narrowband region selected for pipeline imaging, this is selected to be larger than the actual pipe size so that it can tolerate a small displacement of the pipe centre from centre of imaging region.
In order to evaluate the imaging improvement offered by proposed NPFM a singular value decomposition (SVD) analysis of the Jacobian matrix is carried out. According to the Picard's criteria [26] the number of singular value above a given noise level represent the amount information that can be achieved from an ill-posed inverse problem. When comparing the inversion strategies, the number of unknowns also need to be considered. Figure 3 shows the singular value decay using the NPFM and the traditional pixel based reconstruction method (PBRM). In each case the singular value of the Jacobian matrix were calculated and normalized against the largest singular value of the same Jacobian. The normalization makes it possible to compare two image reconstruction strategies. The red line in Figure 3 represents the singular values obtained in the PBRM testing, while the blue line shows the singular values from the NPFM testing. As the assumed noise level is set to be 0.1 percent, the number of the singular values above the noise level is almost the same for both NPFM and PBRM. As the measured data remains unchanged for both cases, the improved resolution is due to the fewer number of unknown as a results of spacial filtering process. Moreover, due to the reduction in the number of pixels used in the reconstruction, the processing time is also reduced, which is an improvement of NPFM as computation time is an important factor in evaluating the quality of the reconstruction method. Another important improvement in NPFM is its robustness with regards to the regularization parameter α, a PBRM algorithm has a strong dependency on the selection of this parameter. In the better posed NPFM inverse problem the selection of this parameter in not critical. This is due the fact that the NPFM has an inherent regularization property due to spatial filtering effect. The narrowband region for a pipe with a circular cross-section in a circular sensor array has a relatively uniform sensitivity, which is better conditioned compared to PBRM where there are strong variations in sensitivity from a point very close to the sensor array to a point at the centre.
EXPERIMENTAL EVALUATION OF PIPELINE INSPECTION

Inspection of Pipes with Wall Removal
Three pipe samples are used for the inspection of pipes with wall removal. All three pipes are manufactured from polyethylene (PE), which has a relative permittivity of 2.25. The inner diameters of the pipes are 30 mm and the outer diameters of the pipes are 34 mm. The first column in Figure 4 shows a full pipe, a pipe with 1/6 wall removal, and a pipe with 1/4 wall removal. The images are reconstructed using both traditional PBRM and the NPFM, which are presented in the second and third columns respectively. We also include the post-processed images which show thresholding the reconstructed images from NPFM in Figure 4 . With large wall removal both PBRM and NPFM will show the removed section. A clearer image can be seen when using NPFM. Although wall removal could be useful in leakage monitoring, alternative techniques can be used and it is not the objective for the NDE technique of a pipe. A histogram shape based method is used as a post-processing threshold to show the wall removal in the reconstructed images. In this case, the reference capacitance C r is the free space capacitance data.
Inspection of Pipes with Interior Loss
It is of great interest to the NDE industry to be able inspect industrial pipes in terms of the interior loss of wall thickness. There are two pipe samples used in the following experiments; a small pipe sample with an external diameter of 88 mm and an internal diameter of 76 mm, and a larger pipe with an external diameter of 110 mm and an internal diameter 90 mm. The larger pipe is made from Polybutylene (PB), a thermoplastic with good mechanical properties and chemical resistance, and it is widely used for heating and plumbing applications in many properties. This PB pipe has an approximately relative permittivity of 2. The smaller pipe is manufactured from PE. The length of the small pipe and large pipe are 300 mm and 113 mm respectively. Three different samples are used. The dimensions are shown Figure 5 , the images from left to right represent; one defect on the interior of the small pipe with a depth of 2.5 mm, 2 defects on the on the interior of the larger pipe and 1 defect of 1.5 mm depth on the interior of the small pipe. The dimensions of the defects are also shown. In the remaining experiments presented in this paper, the reference capacitance C r is the data measured from a perfect pipe sample. Figure 6 shows the experimental results of pipeline inspection with internal wall loss. The dimensions of the defects can be found in Figure 5 . The use of the NPFM requires the pipes to be located in the centre of the sensor array. The position of the pipe becomes crucial, it was reported in [13] that this difficulty can be partially overcome by choosing a larger narrow band compared to the size of the pipe. All the measurements are compared to background readings, which are taken from a full pipe (without a defect) sample. The difference between the capacitance measurements of the defective pipe and perfect pipe are then found. The true samples, PBRM results, NPFM results and postprocessed (with thresholding) images are shown in Figure 6 . The same defect can be detected in various locations with respect to the sensor array. It can be seen that reconstructed images correspond clearly to the variation of the locations of the defects. The experimental results are repeatable and can be reliably detected in various placements.
The results comparing the pipe inspection using traditional PBRM and NPFM are shown in Figure 7 . The sensor array has a diameter of 150 mm. In terms of the size of sensor the smallest measured defects when using a sample with two defects on was 0.29 percent of the cross sectional area of the imaging region.
It can be seen from Figure 8 that for a pipe with 12 mm thickness, Figure 7 , the defected pipe is only covers half of the length of the ECT sensor. In real life applications, a defect may include a smaller length in axial direction or have a non-uniform wall loss in axial direction. Three dimensional ECT is well established in past few years and may provide a suitable solution for such a situation, so that volume of defect can be analysed. Smallest defect volume that can be detected will then depend on accuracy of the ECT system and aspects of sensor design. If a 2D ECT system is used to image defect in a long pipeline system the time series information from defected images may enhance axial information. A combination of very small defects when they are placed close to each other will be seen as a single lareger defect. All these will be investigated in our future studies and are beyond scope of this paper. In all these cases the PBRM could not give any useful information about the wall loss, and in all these cases the NPFM successfully locates the wall loss with the imaging defect size similar to the true wall loss. It is worth noticing that the ECT will be sensitive to fluid inside of the pipe, so the same results can not be achieved if an accurate assumption can not be made about the distribution of permittivity inside of the pipe under inspection. At this stage the proposed method can only be used when the pipe system is empty.
The high resolution ECT presented here is achieved through an inherent regularization and spatial filtering algorithm. It is obvious that high resolution imaging requires large number of image pixels. Large numbers of pixels in PBRM will have to be smoothed by a regularization term as the limited numbers of ECT measurement data can not recover all pixel values. A high resolution mesh can be used in NPFM by filtering out the unimportant parts of the ECT imaging area. In this study a mesh of 12184 triangular elements was used for ECT imaging region 4122 in narrowband area. NPFM images shown with color bar, where negative image value represents defect part of the pipe.
CONCLUSION
In this paper a NPFM was developed for inspection of the plastic pipes using ECT imaging method. A wall loss covering only 0.195 percent of the ECT imaging area could be reliably detected. The resolution of 1.5 mm depth in a tomography array of 150 mm in diameter can be described as high definition ECT imaging. In this study 2D ECT method was adapted and the defect was created along the entire length of the pipe. The ECT is a fast imaging system that can potentially provide 100 images every second, this will make it a rapid NDE solution for plastic pipes. Proposed NPFM offers several advantages including reduced computational times for image reconstruction, robustness against the regularization parameter and an exceptionally good resolution for this application. Resolution achieved in this paper makes ECT a very promising and a viable solution for inspection of plastic pipes. The ECT is non-invasive and does not requires a contact medium make it potentially a more robust inspection method. The results demonstrated in this paper are very promising and encouraging. In our future work, more in-depth theory will be studied to improve the resolution. Furthermore, we aim to inspect the pipeline joints and cracks using ECT experimental data. A quantitative assessment of the imaging accuracy and the image quality will also be addressed, aiming to further develop the ECT technique as an automated NDE technology.
